Organic solar cells (OSCs) are a promising alternative photovoltaic technique to the conventional solar cells due to their mechanical flexibility and low-cost solution process fabrication capability for application in architectural surfaces, tension membrane, textiles and building facades etc., which are expected to use without a sunlight tracking system. [1] [2] [3] [4] [5] Bulk heterojunction OSCs have enjoyed a dramatically development during the past decade, achieving power conversion efficiency (PCE) of >10%. [6] [7] [8] [9] [10] [11] [12] As an adopted convention, the reported PCE of the cells is measured typically under the normal incidence of light. However in actual applications, OSCs mostly receive sunlight at varying angles and the performance of the cells depends on the angle of the incident light. [13] [14] Therefore, light absorption in the cells at different angles of incidence and its impact on the performance of OSCs are important factors to be considered in the device design. 15 The absorption enhancement in OSCs under the normal incidence of light was realized by incorporating the dual-side photonic structures, e.g., using moth's eye nanostructure (MEN) with a two-dimensional sub-wavelength structure. 16 In the MEN-based OSCs, the first MEN structure was created by patterning the 100-nm thick ZnO electron-transporting layer (ETL).
The 100-nm thick ZnO ETL was prepared by sol-gel approach using 2-step sintering process at temperatures of 140 O C for 10 min and 150 O C for 5 min in air. An external MEN structure (fabricated by UV curable resin), attached to the outside surface of the glass substrate forming dual-side nanostructures, was used to assist enhancing light absorption in the photonic-structured OSCs. It is shown that the combination of the dual-side nanostructures, e.g., a 100-nm thick patterned ZnO ETL (MEN pattern inside the cell) and a UV resin-based nanostructure attached to the outside surface of the glass substrate, contributes to a 20% increase in light in-coupling efficiency, leading to a PCE of 9.33%. 16 The efficient light trapping in the photonic-patterned OSCs also was demonstrated using dual-sided deterministic aperiodic nanostructures (DANs). 17 In the DAN-based photonic-structured OSCs, the nanostructures were created on a 100-nm thick sol-gel-derived ZnO ETL. An external DAN-patterned ZnO light trapping layer was coated on the glass-side of the substrate. It is shown that a combination of a patterned ZnO ETL (inside cell) and an external DAN-patterned ZnO light trapping layer (outside cell) helps to enhance light harvesting, yielding 18% increase in the photocurrent of the nano-structured OSCs as compared to a control cell made with a 100-nm thick flat ZnO ETL. However, the absorption enhancement in photonic-structured OSCs under the periodic incidence of light as compared to that of a planar control cell has not yet been examined systemically.
After the sunrise and our days start, the angle of the incident light to the normal of the solar panel reduces, reaching to the normal incidence at noon, then the behaviour repeats in reverse in the afternoon till sunset. The performance of the solar cells varies quite substantially with the angle of the incident solar light. To unravel the unique feature of the enhanced absorption in photonic-structured OSCs under the oblique incidence of light as compared to that of a planar control cell, and also for a more accurate assessment of the cell performance in practical applications, it is important to take into consideration of light absorption in OSCs at different angles of incidence, which accounts for the variation in the intensity of the solar irradiation from sunrise to sunset throughout the day. 2, [18] [19] Suppression of the angle dependent light absorption using nanostructures has advantages for application in thin film solar cells. [20] [21] [22] A more detailed investigation of the angular dependent absorption behaviour in OSCs is desired, [23] [24] [25] particularly, the effect of angle of incidence on light absorption in 2-D photonic-structured OSCs with regard to the excitation of surface plasmon polaritons (SPPs), waveguide modes and light scattering effects in the active layer.
In this work, omnidirectional light absorption enhancement in 2-D photonic-structured
OSCs is analysed using a combination of experimental optimization and finite-difference It is known that the absorption behaviour in the 2-D photonic-structured OSCs is closely correlated to their nanostructures. 18, [26] [27] To better investigate the optical characteristics of the OSCs, the integrated absorbance and reflectance of the photonic-structured OSCs, formed by a 2-D array of squares with pitch size ranging from 200 nm to 1000 nm, were analysed. The cross-sectional view of a typical 2-D photonic-structured OSC with an array of squares in the active layer is shown in Fig. 1(a) . The performance of the photonic-structured OSCs, with a fixed structure height of 30 nm having pitch size ranging from 200 nm to 1000 nm, was calculated. For cells with different structure periodicities, the duty cycle, defined as the ratio of the structure size to the pitch size, used in the calculations is kept unchanged. The wavelength dependent absorption spectra calculated for the 2-D photonic-structured OSCs with different pitch sizes are plotted in Fig. 1(b) .
The integrated absorptance, , A in the active layer and the integrated reflectance, , R of the OSCs can be calculated using the following equations: To better understand the effect of absorption enhancement in the photonic-structured
OSCs, an absorption enhancement factor is introduced, which is obtained by taking the ratios of the differences in absorption between the photonic-structured OSCs having different pitch sizes and an optimal planar control cell, as illustrated in the inset of Fig. 1(d 
Performance of nanoimprinted photonic-structured OSCs
Following the theoretical simulation, considering the cell structure having a high light absorbance in the active layer, as illustrated in Fig. 1 (c) , and the process compatibility in the with the previous report. 32 The JSC of 15.17 mA/cm 2 is obtained for 2-D photonic-structured OSCs, which is 7.6% higher than that of a structurally identical control planar cell (14.01 mA/cm 2 ). 2-D photonic-structured OSCs also possess a higher fill factor (FF), attaining an enhanced PCE of 7.74%, which is >11% higher than that of a planar control cell (6.94%). The insert in Fig. 5(a) is the AFM image measured for the surface of the OSCs with a MoO3 (2 nm)/Ag (100 nm) top contact deposited on the imprinted photonic-structured PTB7:PC70BM active layer, following the active layer morphology acting as a plasmonic element and the top electrode.
The incident photon to current efficiency (IPCE) spectra measured for the photonic-structured and an optimal planar OSC at the normal incidence are shown in Fig.   5 (b). The corresponding IPCE enhancement factor, which is obtained by taking the ratio of the difference in IPCE spectra between a photonic-structured OSC and a planar control OSC to the IPCE spectrum of a planar control cell, the blue curve shown in Fig. 5(b) . There is an obvious enhancement in the IPCE spectra of the photonic-structured OSCs over the visible light wavelength range from 460 nm to 700 nm, which agrees well with the FDTD simulation.
The absorption enhancement in the long wavelength region, predicted by the theoretical simulation, also is manifested by the IPCE measurements, contributed due to the waveguide modes, SPPs and their mutual coupling. 32 To unveil the origin of the performance enhancement in OSCs, the charge extraction The results in Fig. 6 suggest that the creation of the 2-D photonic-structure with a pitch size of 350 nm in the active layer does not affect the charge extraction probability in the OSCs. The JSC of different OSCs also was calibrated using the corresponding IPCE spectrum by the following equation:
where q is elementary charge, c is the speed of light, and h is the Planck's constant. Applying eq. (4), JSC values calibrated using the IPCE spectra measured for the photonic-structured
OSCs and a planar control cell at different angles of the incident light are plotted in Fig. 9 (a). difference in absorption between the photonic-structured OSCs and a planar control cell. 
It is clear that

